Aims/hypothesis Exercise enhances insulin-stimulated glucose transport in skeletal muscle through changes in signal transduction and gene expression. The aim of this study was to assess the impact of acute and short-term exercise training on whole-body insulin-mediated glucose disposal and signal transduction along the canonical insulin signalling cascade. Methods A euglycaemic-hyperinsulinaemic clamp, with vastus lateralis skeletal muscle biopsies, was performed at baseline and 16 h after an acute bout of exercise and shortterm exercise training (7 days) in obese non-diabetic (n=7) and obese type 2 diabetic (n=8) subjects. Results Insulin-mediated glucose disposal was unchanged following acute exercise in both groups. Short-term exercise training increased insulin-mediated glucose disposal in obese type 2 diabetic (p<0.05), but not in obese non-diabetic subjects. Insulin activation of (1) IRS1, (2) IRS2, (3) phosphotyrosine-associated phosphatidylinositol-3 kinase activity and (4) the substrate of phosphorylated Akt, AS160, a functional Rab GTPase activating protein important for GLUT4 (now known as solute carrier family 2 [facilitated glucose transporter], member 4 [SLC2A4]) translocation, was unchanged after acute or chronic exercise in either group. GLUT4 protein content was increased in obese type 2 diabetic subjects (p<0.05), but not in obese non-diabetic subjects following chronic exercise. Conclusions/interpretation Exercise training increased whole-body insulin-mediated glucose disposal in obese type 2 diabetic patients. These changes were independent of functional alterations in the insulin-signalling cascade and related to increased GLUT4 protein content.
Introduction
Whole-body insulin-stimulated glucose disposal is reduced in obesity and type 2 diabetes [1, 2] . Several lines of evidence suggest that decreased insulin-mediated glucose uptake in skeletal muscle is the primary defect in the aetiology of type 2 diabetes mellitus [1, [3] [4] [5] . Defects in whole-body insulin-mediated glucose uptake in type 2 diabetic patients have been tracked to impairments in insulin signalling and GLUT4 (now known as solute carrier family 2 [facilitated glucose transporter], member 4 [SLC2A4]) translocation [6] [7] [8] . People with type 2 diabetes have decreased skeletal muscle IRS1 tyrosine phosphorylation and phosphatidylinositol 3-kinase (PI3K) activity following insulin stimulation in comparison with lean control subjects [9] [10] [11] . These changes are unrelated to reductions in protein levels of insulin signalling targets [9, 10] or GLUT4 protein content [12] . Thus, functional changes in the regulation of the insulin-signalling cascade are likely to contribute to decreased insulin-mediated glucose transport in skeletal muscle. Clearly any therapeutic approach that enhances insulin signalling or glucose uptake could provide a clinical benefit in the treatment of type 2 diabetes.
Exercise and diet are the cornerstones of type 2 diabetes prevention; however, the molecular mechanisms are unresolved. The repeated muscle contractions elicited during acute exercise enhance glucose transport and insulin sensitivity in healthy subjects directly in skeletal muscle [13, 14] . In obese and type 2 diabetes subjects, acute exercise increases insulin receptor and IRS1 phosphorylation, but not PI3K activity or glucose disposal [2] . Chronic exercise training is also associated with changes in signal transduction and gene expression. In rodents, acute (1 day) and short-term (5 days) exercise training are associated with an increase in insulin signal transduction and glucose uptake in skeletal muscle [15] . Likewise in young healthy humans, short-term (7 days) exercise increases insulinmediated whole-body glucose disposal, PI3K signalling [14, 16] and GLUT4 protein content [17] [18] [19] [20] [21] [22] . In contrast, in middle-aged insulin-resistant individuals, short-term exercise training (7 days) increases whole-body insulin-mediated glucose disposal independently of changes in phosphotyrosine-associated PI3K activity [23] . It is unclear whether exercise training improves insulin signalling defects in type 2 diabetic patients. However, in some cases improvements in whole-body glucose disposal can be achieved independently of changes in insulin signalling, indicating that improvements in components distal to the cascade contribute to the exercise-mediated increases in glucose disposal.
Insulin signalling distal to PI3K is as yet incompletely characterised. A recently identified substrate of phosphorylated Akt (AS160) is implicated in the translocation of the GLUT4 vesicle to the plasma membrane [24] . Little is known of the physiological regulation of AS160 in human skeletal muscle. AS160 contains a GTPase activating protein (GAP) homology domain, which has been shown to regulate the GTPase activity of certain Rab proteins in vitro [25] . Studies in cultured 3T3-L1 adipocytes reveal that phosphorylation of AS160 by Akt is likely to inhibit its GAP activity, that as a consequence, the GTP form of a Rab protein is elevated, and that this elevation in turn increases GLUT4 vesicle movement to, and/or fusion with, the plasma membrane [24, 26, 27] . Interestingly, AS160 is also phosphorylated in response to muscle contraction, and as such may serve as a key intermediary in insulin-induced, as well as contraction-induced glucose transport [28] . Thus, exercise-induced changes in AS160 phosphorylation may contribute to improvements in insulin-stimulated glucose disposal.
The purpose of this study was to determine the impact of acute (1 day) and chronic (7 days) exercise training on whole-body insulin-mediated glucose disposal and insulin signalling through PI3K and the novel AS160 in skeletal muscle from obese non-diabetic and obese type 2 diabetic subjects. We hypothesised that exercise-induced improvements in insulin sensitivity could be associated with functional changes in the insulin-signalling cascade and/or GLUT4 protein levels.
Subjects and methods

Subjects
The protocol was approved by the institutional ethics committee of St James's Hospital and written informed consent was obtained from all subjects prior to participation. The groups comprised eight (six men and two women) obese type 2 diabetic subjects and seven (six men and one woman) weight-matched obese non-diabetic subjects with normal glucose tolerance. Glycaemic control for the type 2 diabetic subjects was maintained by diet alone (two subjects) or diet plus metformin (six subjects). All subjects had been on stable treatment for the previous 6 months and refrained from taking medication on the morning of the clamp. Peak oxygen uptake (VO 2peak ) was determined by indirect calorimetry (SensorMedics, Yorba Linda, CA, USA) using an incremental bicycle ergometer protocol. A 3-hour OGTT was used to confirm glucose tolerance.
Experimental design
Baseline insulin sensitivity was determined by a 2-h euglycaemic-hyperinsulinaemic clamp. The following afternoon (day 2), subjects reported to the Metabolic Research Unit and exercised on a stationary bicycle ergometer for 60 min at 75% VO 2peak . A euglycaemic-hyperinsulinaemic clamp was repeated 16 h later (day 3) to assess the effects of the acute bout of exercise. Subjects then exercised on seven consecutive days for 1 h at 75% VO 2peak (days 4-10). On day 11, 16 h after the last training session, subjects repeated the euglycaemic-hyperglycaemic clamp to assess the impact of short-term exercise training on insulin sensitivity.
Euglycaemic-hyperinsulinaemic clamp
Dietary advice was provided to the subjects to ensure they consumed a balanced, energy-sufficient diet for 2 days prior to the clamp. Subjects reported to the Metabolic Research Unit at 08.00 h, following a 10-h overnight fast. A polyethylene cannula was inserted retrogradely into a dorsal hand vein for blood sampling and into an antecubital vein for infusion of insulin and glucose. Following baseline blood samples, a muscle biopsy was taken from the mid-vastus lateralis muscle under local anaesthesia using a Bergstrom needle. An area of skin was anaesthetised with 1% lignocaine and a small (0.5 cm) incision made. The biopsy needle was inserted into the muscle and approximately 50 mg of tissue removed. Muscle samples were snap-frozen in liquid nitrogen and stored at −80°C for subsequent analysis. A primed continuous 40 mU m −2 min −1 insulin infusion was started and plasma glucose was clamped at 5.0 ± 0.5 mmol/l with a variable glucose infusion (20% dextrose) for 2 h. Blood samples for glucose and insulin were drawn at 5-and 15-min intervals, respectively. A second biopsy was taken at 120 min.
Exercise training protocol
Subjects exercised at ∼75% VO 2peak for 1 h on a stationary cycle ergometer (Fig. 1) . The intensity was determined from the heart rate (±5 beats per min) corresponding to 75% VO 2peak , as measured by indirect calorimetry. Blood pressure and heart rate were monitored before, during and after exercise.
Blood analysis
Serum insulin was measured with a commercially available fluoroimmunoassay (Delphia; Perkin Elmer, Wallac, Turku, Finland). Plasma glucose was measured using a glucose oxidase method (Beckman, Fullerton, CA, USA) and HbA 1c was measured by HPLC using an autoanalyser (Menarini Diagnostics, Florence, Italy). Plasma cholesterol and triacylglycerol were measured using enzymatic methods (Roche Diagnostics, Mannheim, Germany). Plasma HDL-cholesterol and LDL-cholesterol were measured directly by enzymatic methods (Randox Laboratories, Crumlin, Co. Antrim, UK).
Muscle analysis
Approximately 50 mg of muscle tissue was lyophilised overnight. Under a microscope samples were dissected free of visible blood, connective tissue and fat, and then weighed and homogenised using a motorised pestle in buffer (137 mmol/l NaCl, 2.7 mmol/l KCl, 1 mmol/l MgCl 2 , 0.5 mmol/l Na 3 VO 4 , 1% Triton X-100, 10% glycerol, 20 mmol/l Tris pH 7.8, 1 μg/ml leupeptin, 0.2 mmol/l PMSF, 10 mmol/l NaF, 1 μg/ml aprotinin, 1 mmol/l EDTA, 5 mmol/l Na pyrophosphate, 1 mmol/l benzamidine). Samples were rotated at 4°C for 30 min and then centrifuged at 12,000 g for 15 min. A commercially available colorimetric assay using the Bradford protocol was used to determine protein content (Bio-Rad, Richmond, CA, USA). The reaction products were separated by thin layer chromatography (Silica Gel 60; Merck, Darmstadt, Germany). The radioactivity incorporated into PI3K was quantified by a phosphor imager (Image Reader BAS-1800 II; Fujifilm, Düsseldorf, Germany) and the results normalised to a liver standard. Western blot analysis Protein content of GLUT4 and phosphorylation of AS160 were determined. A portion of muscle lysate (40 μg protein) was mixed in Laemmli buffer pH 6.8 (20% glycerol, 62.5 mmol/l Tris-HCl, 2% SDS, 0.00125% bromophenol blue, 2% β-mercaptoethanol). The samples were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. Non-specific binding was blocked in a 5% milk/TBST (10 mmol/l Tris pH 7.5, 100 mmol/l NaCl, 0.1% Tween 20) for 2 h and incubated overnight with anti-GLUT4 antibody (Biogenesis, Poole, UK) or anti-phospho-(Ser/Thr) Akt substrate (PAS) antibodies (Cell Signalling Technology, Beverly, MA, USA). The membrane was washed in TBST, incubated with appropriate secondary horseradish peroxidase-conjugated antibodies, visualised with enhanced chemiluminescence reagents (Amersham, Arlington Heights, IL, USA) and quantified using densitometry and molecular analysis software (Bio-Rad).
Statistical analysis
Data are presented as mean±standard error. Data not normally distributed were log transformed. Two-way ANOVA and two-way repeated-measures ANOVA were used to determine significant main effects and interactions. A Student-Newman-Keuls post hoc test was used to identify specific mean differences. A Student's t test and a paired t test were used to determine significant differences within and between groups. A Pearson product moment correlation was used to determine relationships between variables. Statistical significance was accepted at the p<0.05 level of confidence for all variables.
Results
Subject characteristics
As shown in Table 1 , fasting blood glucose was greater in the obese type 2 diabetes subjects (p<0.05) and decreased following exercise training (10.1±1.1 vs 8.6±0.7 mmol/l, p <0.05). Fasting blood glucose was unchanged in the obese non-diabetic subjects following exercise training. Peak oxygen consumption was similar between groups, and body weight was unchanged following the exercise protocol. Subjects exercised at a similar heart rate (130±4 vs 132±6 beats per min for the obese type 2 diabetic vs obese non-diabetic subjects, NS). Total cholesterol, HDLand LDL-cholesterol were within the normal range and similar between groups. Serum triacylglycerol was significantly greater in the obese type 2 diabetic subjects. BMI and blood pressure were similar between the groups.
Insulin action
The baseline glucose infusion rate (GIR) increased in obese non-diabetic subjects, though not significantly, from 4. following 7 days of exercise (Fig. 2) . GIRs in the obese type 2 diabetic subjects increased significantly after 7 days of exercise, but not after the single exercise bout (2.6±0.7 vs 3.2±0.8 vs 4.1±1.0 mg kg −1 min −1 , for baseline, acute and 7 days of exercise). The baseline GIR for both groups was positively correlated with VO 2peak (r=0.56, p<0.05) and negatively correlated with BMI (r=−0.69, p<0.01) and with the increase in the GIR following 7 days of training (r=−0.63, p=0.02).
Insulin-stimulated PI3K activity
IRS1-associated PI3K activity
Insulin infusion increased IRS1-associated PI3K activity in both groups (2.7±0.4 and 1.9±0.2-fold for the obese type 2 diabetic and obese non-diabetic subjects respectively, p< 0.05) ( Table 2 ). The insulin-stimulated response was greater in the obese type 2 diabetic subjects than in the obese nondiabetic subjects (p<0.05). Insulin-stimulated PI3K was Data are presented as mean±SE. a Significantly different from obese non-diabetic subjects, p<0.05 VO 2peak , peak oxygen uptake decreased in the obese type 2 diabetic subjects following 1 day (1.9±0.2-fold, p<0.05) and 7 days of exercise (1.5± 0.4-fold, p<0.05), without any change in the obese nondiabetic subjects. This was associated with a gradual increase in basal IRS1-associated PI3K activity and a gradual decrease in insulin-stimulated activity (Fig. 3a) .
IRS2-associated PI3K activity
Insulin infusion did not significantly increase IRS2-associated PI3K activity at baseline in the obese non-diabetic or type 2 diabetic subjects (Fig. 3b) . Neither 1 day nor 7 days of exercise subsequently resulted in a change in basal or insulin-stimulated IRS2-associated PI3K activity.
Phosphotyrosine-associated PI3K activity
Sufficient sample material was available to assess phosphotyrosine-associated PI3K activity in five of the eight obese type 2 diabetic subjects and five of the seven obese non-diabetic subjects. Insulin infusion did not significantly increase phosphotyrosine-associated PI3K activity in the obese non-diabetic or type 2 diabetic subjects at baseline or following 1 day or 7 days of exercise (Fig. 3c) . Insulinstimulated phosphotyrosine-associated PI3K activity was greater in the obese non-diabetic subjects at baseline (0.87± 0.07 vs 1.35±0.23-fold, p<0.05).
AS160 phosphorylation
Insulin-stimulated Akt phosphorylates a 160-kDa substrate termed AS160. Before exercise training, insulin increased AS160 phosphorylation in both groups (1.5±0.5 vs 1.9±0.5 for the obese type 2 diabetic and obese non-diabetic subjects, respectively). Insulin-stimulated AS160 phosphorylation was unaltered following either a single bout of exercise or short-term exercise training in both groups (Fig. 4) . Table 2 IRS1-, IRS2-and phosphotyrosine-associated PI3K activity before and after insulin infusion at baseline, and following 1 day and 7 days of exercise in obese type 2 diabetic and obese non-diabetic subjects 
GLUT4 protein content
Skeletal muscle GLUT4 protein content in obese type 2 diabetic subjects was unaltered after acute exercise and increased following short-term exercise training (0.20± 0.06, 0.22±0.05, 0.35±0.10 arbitrary units for baseline, acute and 7 days of exercise, respectively) (Fig. 5) . This corresponds to an 87% increase in GLUT4 protein content following 7 days of exercise. Protein content of GLUT4 in the obese non-diabetic subjects was unaltered following either acute exercise or 7 days of training (0.31±0.06, 0.38± 0.07, 0.35±0.07 arbitrary units for baseline, acute and 7 days of exercise, respectively) (Fig. 5) .
Discussion
Exercise is the cornerstone of type 2 diabetes prevention and treatment. The results from the present study provide molecular evidence for the beneficial effects of exercise on insulin sensitivity in people with type 2 diabetes. Following 7 days of exercise training, fasting blood glucose and whole-body insulin-stimulated glucose disposal were significantly improved in the obese type 2 diabetic subjects. The exercise-induced improvements in whole-body insulin sensitivity were independent of changes in insulin signalling. Our results provide evidence that exercise-induced improvements in whole-body insulin sensitivity in obese type 2 diabetic patients occurs in concert with an increase in the total amount of GLUT4 in skeletal muscle.
In healthy young subjects, insulin-mediated glucose disposal is enhanced for a period of up to 2 days following a single bout of exercise [29] . In the immediate aftermath of exercise, IRS1-associated PI3K activity [30] and GLUT4 protein content [31] are unaltered. The muscle glycogen concentration and glycogen synthase activity after exercise contribute to the regulation of glucose transport and disposal in an insulin-independent manner [32] . Thus, exercise has been considered to have positive effects on whole-body glucose homeostasis, and it has been suggested that these effects on metabolism bypass defects in insulin signalling in type 2 diabetes [6] . In insulin-resistant humans, whole-body glucose disposal was increased between 12 and 48 h after an acute bout of exercise in some [33, 34] , but not all [2] studies. Here we report that whole-body insulin-mediated glucose disposal was unaltered in obese non-diabetic and obese type 2 diabetic subjects 16 h after 1 h of cycle ergometer exercise performed at 75% VO 2peak . Our results are consistent with previous findings [2] . Given the complex pathology of insulin resistance, individuals with severe insulin resistance or type 2 diabetes may need to perform exercise training for a longer duration to achieve the metabolic adaptations to exercise. For example, insulin-mediated glucose disposal has been shown to be increased following varying periods of exercise training in studies of insulin-resistant subjects [23, 24, 35] . Moreover, insulin-mediated glucose disposal is increased following 14 weeks of exercise-induced weight loss in obese subjects [35] or after chronic exercise training in either insulin-resistant individuals [23, 34] or type 2 diabetic patients [13] . Our results demonstrate that 7 days of exercise training increased insulin-mediated glucose disposal in obese type 2 diabetic but not in obese nondiabetic insulin-resistant subjects. While insulin-mediated glucose disposal was not significantly increased in the obese non-diabetic subjects, the positive trend for a 45% increase in glucose uptake was of a similar magnitude to that reported earlier [23] . We noted an inverse relationship between baseline insulin sensitivity and the magnitude of change in glucose disposal following 7 days of training (r= −0.63, p=0.02), indicating that subjects with the greatest degree of insulin resistance had the greatest relative response.
We hypothesised that exercise training in the obese nondiabetic and obese type 2 diabetic subjects would increase insulin action on components of the canonical insulin signalling cascade. Exercise training for 7 days [14] , 10 weeks [36] or longer [16] is associated with improved whole-body insulin-mediated glucose disposal in healthy individuals and these improvements have been attributed to enhanced intracellular signalling via PI3K activity [14, 16] . However, in the present cohort, the enhanced insulin sensitivity in the obese type 2 diabetic subjects was independent of changes in IRS1-, IRS2-and phosphotyrosine-associated PI3K activity. These results are in contrast to the positive relationship between insulin-mediated glucose disposal and IRS1-associated PI3K activity in healthy individuals [14, 16] , and consistent with studies in other insulin-resistant individuals [23] . The decrease in IRS1-associated PI3K activity in the type 2 diabetic group was unexpected. The insulin dose or the timing of the biopsy during the clamp may have influenced the outcome of these results. However, other studies provide evidence for a decrease or downward trend in insulin-stimulated PI3K activity following exercise [2, 37] . While this may be due to IRS1-independent PI3K activity, or PI3K-independent mechanisms, the insulin infusion failed to increase IRS2-associated PI3K activity. IRS2 appears to be unnecessary for insulin-or exercise-stimulated glucose transport in skeletal muscle [38] . IRS2 protein content is unaltered in type 2 diabetic subjects compared to insulin-sensitive control subjects, but insulin action to promote the association of IRS2 and p85 is impaired [2] . Since phosphotyrosine-associated PI3K was unaltered after exercise, our results suggest that the training protocol was unable to reverse the inhibitory effects of protein phosphatases or serine phosphorylation, which have previously been shown to impair insulin action at the level of IRS1 and PI3K [39, 40] . PI3K-independent pathways or changes in the subunit regulation of PI3K may also influence the activity of the enzyme; however, this hypothesis has not been tested.
Investigation of the regulation of the insulin-signalling cascade proximal to PI3K has yielded inconsistent findings following exercise. An acute bout of exercise increased insulin receptor and IRS1 phosphorylation in obese and type 2 diabetic subjects without a change in IRS1-associated PI3K activity or insulin-mediated glucose disposal [2] . However, in obese Zucker rats, glucose uptake is increased without a change in IRS1 phosphorylation or PI3K activity following 7 weeks of training [41] . Thus, enhanced signalling through PI3K cannot explain the changes in glucose disposal following short-term exercise in the obese non-diabetic subjects studied here. The contribution of PI3K to increased glucose disposal should be questioned. Glucose disposal rates are unaffected in 3T3-L1 adipocytes when PI3K activity is decreased by pretreatment with platelet-derived growth factor [42] or in cells overexpressing IRS1 interacting domains [43] . Therefore, glucose disposal rates can be maintained in the absence of effective PI3K signalling. Changes in more distal steps in Fig. 5 Total GLUT4 protein content in obese type 2 diabetic and obese non-diabetic subjects at baseline ( ) and following 1 day ( ) and 7 days ( ) of exercise. Data are expressed as mean±SE fold change from baseline. *p<0.05 for difference from baseline the insulin signalling cascade or changes in GLUT4 protein may account for the improvements in skeletal muscle insulin sensitivity.
The increase in glucose disposal following exercise may be distal to PI3K and related to the translocation or docking of the GLUT4 vesicle. We measured the effect of exercise on insulin activation of AS160, a functional Rab GAP [25] that has been shown to regulate insulinstimulated GLUT4 translocation in 3T3-L1 adipocytes [24] . AS160 phosphorylation has been reported to be increased in rat skeletal muscle in response to insulin or contractile activity [28] . In young healthy human male subjects, AS160 phosphorylation is increased following an acute bout of endurance exercise, despite no change in Akt phosphorylation at Thr 308 [44] . As full activation of Akt requires phosphorylation of Ser 473 and Thr 308 , AS160 phosphorylation may be independent of Akt following endurance exercise. More recent work using α2 AMPactivated protein kinase (AMPK) knock-out mice implicates AS160 as a substrate of AMPK [45] . Taken together, these results suggest that AS160 phosphorylation is differentially regulated by insulin and exercise. In type 2 diabetic subjects, AS160 phosphorylation in skeletal muscle is lower during insulin infusion [46] and was unresponsive to low-intensity exercise or rosiglitazone treatment, despite increased insulin-mediated glucose disposal [47] . Here we report that after moderate/highintensity exercise, insulin-stimulated AS160 phosphorylation is unchanged in obese non-diabetic or obese type 2 diabetic subjects. This finding confirms the observation that functional changes in the insulin-signalling cascade, even steps distal to PI3K, do not occur in response to short-term exercise training in obese and type 2 diabetes groups. Therefore, changes in gene expression may be responsible for the exercise-induced adaptations on skeletal muscle insulin sensitivity.
Skeletal muscle contraction is an important regulator of gene expression. In female Wistar rats, IRS1 protein content is decreased after 5 days of exercise training despite increased IRS1 phosphorylation and IRS1-associated PI3K activity [15] , suggesting that exercise training may result in either increased rates of IRS1 protein degradation or decreased rates of protein synthesis. Cross-sectional analysis of endurance trained and untrained subjects revealed that the protein levels of the insulin receptor, IRS1 and IRS2 were 44%, 57% and 77% lower in trained versus untrained subjects [17] . Even following short-duration exercise training in young healthy subjects, gene expression of the insulin receptor or IRS1 is unchanged [48] . Therefore, exercise-mediated changes in the expression of the insulin receptor or IRS1 are unlikely to contribute to increased glucose disposal in the type 2 diabetic group following exercise. For a limited number of subjects (n=4 obese, n=3 obese type 2 diabetic), we had sufficient sample material to assess AS160 protein content. Our preliminary results suggest that AS160 protein levels were unaltered after 1 or 7 days exercise training in obese or obese type 2 diabetic subjects. AS160 protein content in skeletal muscle has previously been reported to be similar between type 2 diabetic and non-diabetic subjects, whereas insulin action on this target was reduced [46] . However, changes in GLUT4 protein may account for improved insulin-mediated glucose disposal.
In human muscle tissue, GLUT4 content is similar between healthy, insulin-resistant and type 2 diabetic individuals [12] . While GLUT4 protein levels are unaltered during the development of insulin resistance, expression levels are increased following exercise training [19, 20, 22] . Sixteen hours after an acute bout of exercise, GLUT4 mRNA was increased in type 2 diabetic subjects [22] . Moreover, with short-term exercise training, GLUT4 content in muscle is also increased [19, 20] . After 7 to 10 days of exercise training GLUT4 protein content increased by 98% in healthy individuals [19] . Here we report that short-term exercise training increases GLUT4 protein by 87% in obese type 2 diabetic subjects in parallel with improvements in insulin-stimulated glucose disposal. Despite a 67% increase, GLUT4 protein was not significantly altered in the obese non-diabetic group. This finding is similar to the GIR and reflects the variability within this group, even though subjects were matched for age and body weight. Thus, the increase in GLUT4 protein content in the type 2 diabetic subjects may explain the significant increase in glucose disposal following 7 days of exercise training. After 7 weeks of exercise training in type 2 diabetic subjects, GLUT4 protein content is increased and glycogen synthase fractional velocity is correlated with insulin-stimulated glucose storage [37] . GLUT4 cycling to the plasma membrane may have been increased in an AMPK-dependent manner to meet the increased demand for carbohydrate oxidation and storage. However, this does not fully explain the current findings. Despite the similar level of GLUT4 protein between groups, after 7 days of exercise training, the GIR of the type 2 diabetic group was still lower than the pre-exercise level in the obese nondiabetic group. Thus, in type 2 diabetic subjects there still appears to be a defect in insulin-responsive GLUT4 cycling to the plasma membrane that cannot be explained by muscle glycogen content alone. Indeed, we have previously reported that skeletal muscle cell surface GLUT4 content is reduced in type 2 diabetic subjects in response to either insulin or AICAR in vitro [49] .
In conclusion, short-term exercise training increases insulin-mediated glucose disposal in obese type 2 diabetic subjects. The results from the present study indicate that the beneficial effects of exercise training on insulin action in skeletal muscle are related to changes in GLUT4 protein content and independent of improvements in signal transduction via several components of the canonical insulinsignalling cascade.
